Ankylosing spondylitis (AS) is polygenic with contributions from the immunologically relevant genes HLA-B*27, ERAP1 and IL23R. A recent genome-wide association screen (GWAS) identified associations (PB0.005) with the non-synonymous singlenucleotide polymorphisms (nsSNPs), rs4077515 and rs3812571, in caspase recruitment domain-containing protein 9 (CARD9) and small nuclear RNA-activating complex polypeptide 4 (SNAPC4) on chromosome 9q that had previously been linked to AS. We replicated these associations in a study of 730 AS patients compared with 2879 historic disease controls (rs4077515 P ¼ 0.0004, odds ratio (OR) ¼ 1.2, 95% confidence interval (CI) ¼ 1.1-1.4; rs3812571 P ¼ 0.0003, OR ¼ 1.2, 95% CI ¼ 1.1-1.4). Meta-analysis revealed strong associations of both SNPs with AS, rs4077515 P ¼ 0.000005, OR ¼ 1.2, 95% CI ¼ 1.1-1.3 and rs3812571 P ¼ 0.000006, OR ¼ 1.2, 95% CI ¼ 1.1-1.3. We then typed 1604 AS cases and 1020 controls for 13 tagging SNPs; 6 showed at least nominal association, 5 of which were in CARD9. We imputed genotypes for 13 additional SNPs but none was more strongly associated with AS than the tagging SNPs. Finally, interrogation of an mRNA expression database revealed that the SNPs most strongly associated with AS (or in strong linkage disequilibrium) were those most associated with CARD9 expression. CARD9 is a plausible candidate for AS given its central role in the innate immune response.
Introduction
Ankylosing spondylitis (AS) is a chronic inflammatory arthritis that predominantly affects the axial skeleton. The immune response gene HLA-B27 makes a major genetic contribution, but there is clear evidence of additional genetic effects. Earlier studies, including a meta-analysis of whole-genome linkage scans, highlighted a region on chromosome 9q33.1-9q33.2 linked to AS.
1,2 A previously published genome-wide association screen (GWAS) in AS by the Wellcome Trust Case Control Consortium (WTCCC) identified two non-synonymous single-nucleotide polymorphisms (nsSNPs), rs4077515 and rs3812571, separated by B8.8 kb on 9q34.3 that showed association with AS (Po0.004 and Po0.005, respectively). 3 One of these SNPs is in a functional candidate gene caspase recruitment domain-containing protein 9 (CARD9) and the second is in the adjacent gene small nuclear RNAactivating complex polypeptide 4 (SNAPC4).
CARD9 has a central role in the regulation of the innate immune system. It functions as a cytosolic signal transduction protein with several distinct roles. It acts downstream of the antifungal pattern recognition receptor, dectin 1 and splenic tyrosine kinase. 4, 5 Activation of splenic tyrosine kinase leads to signalling through CARD9, 4, 5 which acts with B-cell lymphoma 10 and MALT1 to induce proinflammatory signals through the canonical nuclear factorkB pathway and the stimulation of the p38 MAP kinase and JNK pathways. 5, 6 CARD9 also has a role in the detection of intracellular pathogens through cytoplasmic pattern recognition receptors of the NOD family. For example, CARD9 has a critical function in NOD2-mediated activation of p38 and JNK in innate immune responses to intracellular pathogens. 7 Stimulation of CARD9 induces the maturation of dendritic cells into antigen-presenting cells that can prime naive T cells to become interferon-gproducing Th1 cells and/or IL-17-producing Th17 cells. 8 The latter have already been implicated in AS because of the association of IL23R with AS, 3 and its role in Th17 cell propagation. 9 Thus, CARD9 has a role in coupling the innate and adaptive immune responses.
SNAPC4 is a subunit of the SNAP complex, a multisubunit complex of proteins that promotes basal levels of transcription of RNA polymerase II and III snRNAs. 10 A role for this gene in susceptibility to AS seems relatively unlikely, and it is more likely that the SNAPC4 SNP is in linkage disequilibrium (LD) with a CARD9-associated SNP.
About 15% of AS cases have inflammatory bowel disease (IBD) and 10% have psoriasis, both of which are, like AS, associated with the IL23R gene. 11, 12 It is therefore of considerable interest that a recent comprehensive study of immune genes in IBD has identified an association between CARD9 (rs1080077) and both ulcerative colitis and Crohn's disease. 13 Robust validation of the results from GWAS is essential to exclude false positives. There are four parts to the current study. (1) To replicate the WTCCC study, we have genotyped a new patient sample for rs4077515 and rs3812571. We have compared the allele frequencies to historic disease controls previously typed by the WTCCC 3 and performed a meta-analysis of these and published data. (2) We then genotyped additional SNPs in the region and tested them for association with AS to refine the association. (3) Using our genotyping data and that from HapMap, 14 we have imputed genotypes for 13 additional SNPs in CARD9 and carried out a logistic regression analysis of imputed and formally genotyped SNPs to identify the primarily associated SNP(s). We also carried out a conditional logistic regression analysis of imputed and formally genotyped SNPs and of formally genotyped SNPs alone, conditioned on the most strongly associated SNP. (4) We interrogated an RNA expression database (mRNA by SNP browser 1.0.1) 15 for CARD9 SNPs that have a cis-acting role in gene expression.
Results

Replication of WTCCC nsSNP results and meta-analysis of association with rs4077515 and rs3812571
The SNPs rs4077515 in CARD9 and rs3812571 in the neighbouring gene SNAPC4 were genotyped in 730 new AS cases; allele frequencies were compared with those in three other diseases previously genotyped in the WTCCC nsSNP GWAS as controls (3Dis), see Table 1 . The association between both SNPs and AS was replicated, (rs4077515 P ¼ 0.0004, odds ratio (OR) ¼ 1.2, 95% confidence interval (CI) ¼ 1.1-1.4 and for rs3812571 P ¼ 0.0003, OR ¼ 1.2, 95% CI ¼ 1.1-1.4). From HapMap data, r 2 between these SNPs is 0.87, which suggests that these SNPs are not independent of each other, see Supplementary Table 1 .
The strength of the association was increased in a meta-analysis of the combined data from this study and Figure 1 . The Cochran Q statistic was not significant; I 2 , a measure of inconsistency, cannot be calculated for analyses combining only two studies. Power calculations were made using the numbers of cases and controls, allele frequencies and ORs as shown in Table 1 and Supplementary Table 2 . The replication study for rs4077515 and rs3812571 had 480% power to detect an OR of 0.8 (at a ¼ 0.05 with LD between marker and disease-associated variant of D' ¼ 1), increasing to B100% in the meta-analyses, Supplementary Table 2.
Analysis of additional SNPs at 9q33. 2 We genotyped 13 additional tagging SNPs that were identified from HapMap data in 1604 AS cases and in our independent sample of 1020 controls (OxC). There was a large overlap between cases in this part of the study, the WTCCC study and the replication study (77% of the 1604 AS cases were also in the WTCCC GWAS and replication study and 76% of the WTCCC GWAS and replication samples were in the 1604 cases genotyped for these additional SNPs). For rs10870149, we identified additional control data from the 1958 British Birth Cohort, which was combined with our control data for the association testing. The results are shown in Table 1 . SNPs across CARD9 (rs10870149, rs10870201, rs10870077 and rs3829109) show nominal association with AS (Po0.002-0.03), with rs10870149 being the most strongly associated and having 480% power to detect an ORs of B1.2. There is strong LD between rs10870149, rs10870201 and rs10870077 (r 2 ¼ 0.7-0.8 for HapMap data and r 2 ¼ 0.59-0.79 calculated for this data), suggesting that these SNPs are not independently associated. As rs1080077 is associated with IBD, we repeated the analysis for this SNP and those in LD with it (rs10870149, rs10870201) after removing those AS cases known to also have IBD. This had little effect on the strength of association (see Table 1 ), suggesting that the AS association is independent of the IBD association.
Two SNPs in SNAPC4 (rs3812561, rs11145797) also showed nominal association with AS (P ¼ 0.004 and P ¼ 0.03, respectively). The absence of LD between these SNPs (r 2 ¼ 0.14 for HapMap data and 0.13 for this data) suggests that these associations are independent of each other. Values for r 2 and D' (calculated from HapMap data and from the genotyping data presented here), between all the associated SNPs are shown in Supplementary  Table 1 . Data from two of the three diseases other than AS genotyped by WTCCC GWAS were available for rs3812552 (2Dis controls) and were combined with our control data for analysis. This SNP was also genotyped by WTCCC, but a meta-analysis was not performed as 77% of case samples were present in both studies However, neither study showed association with AS. One other SNP, rs3812550 in GPSM1 adjacent to CARD9, had been typed by WTCCC and showed marginal association with AS, Po0.04, OR ¼ 1.1, 95% CI ¼ 1.0-1.3. There are also SNPs throughout the region (rs11145958, rs10781533, rs3812552, rs10121646 and rs1135314 in CARD9 and rs11145797 in SNAPC4) that show no association with AS in this study (see Table 1 ). The relative positions of the SNPs and genes in this region of chromosome 9 are indicated in Figure 2 .
Analysis of imputed SNPs
We used imputation to generate genotype data for 17 additional SNPs in the CARD9 region. Four of these imputed SNPs were excluded from further analysis because they had minor allele frequencyo5%. Cochrane-Armitage P-value, OR and 95% CI for these SNPs are shown in Supplementary Table 3 . Imputed SNP genotypes were combined with the formally genotyped SNPs and subjected to logistic regression analysis, imputed data for rs4077515 and rs3812571 was used, as the replication data set used different controls. The P-values from this analysis are shown in Supplementary  Table 3 . The imputed SNP rs10781496 had the most significant effect (P ¼ 0.007). The next six most significant SNPs (rs10781499, rs4077515, rs3812558, rs10781500, .0 because the minor allele (A) in the controls was designated the minor allele although it is the major allele in the cases.
58BC are 1500 controls genotyped by WTCCC. OxC are 1020 local controls described in Materials and methods. 2Dis controls and 3Dis controls are genotypes from the diseases other than AS genotyped by WTCCC. WTCCC study is the nsSNP study of 1000 AS cases and 1500 58BC controls.
rs11794847 and rs10781507) are all in strong LD, and have P-values between 0.008 and 0.01. Conditional logistic regression analysis of both genotyped and imputed SNPs, conditioned on the most strongly associated genotyped SNP (rs10870149), showed no overall trend between SNPs. Similarly, no overall trend was seen when the analysis was repeated with genotyped SNPs alone.
Comparison with CARD9 cis-SNP expression
The case-control association data were compared with CARD9 expression data from an earlier study. 15 Only three well-powered SNPs in this case-control study had also been analysed in the expression study. Two of these, rs4077515 and rs3812571, tag each other (r 2 ¼ 0.87) and are in the top 10 SNPs associated with expression levels (P ¼ 4.6 Â 10 À14 and P ¼ 1.5 Â 10
À12
, respectively) detected by the probe 220162_s_at which covers the transcribed region of the CARD9 gene. This has a heritability of 0.53, mean expression level of 5.7 and variance of 0.18. These two SNPs tag a further 5 of the top 10 expressionassociated SNPs (rs11794847, rs10781505, rs10781499, rs3812570 and rs3812571), see Table 2 . A third SNP, rs10870149, which is associated with AS independent of any IBD association, is also in the top 10 SNPs most strongly associated with expression detected by the same probe (see Table 2 ). A second probe 228272_at, containing sequence in C9orf151 and upstream of CARD9, highlights rs3812561 (in SNAPC4), as associated with expression P ¼ 9.0 Â 10 À8 , heritability 0.7, mean expression level 6.0 and variance 0.26. These results clearly show that the expression of CARD9 is under significant cis regulation. In contrast, no significant cis regulation is evident on interrogating the RNA expression database for SNPs associated with SNAPC4 expression.
Discussion
The association between AS and the immune response gene HLA-B27 is the strongest association seen in any complex disease, but it only accounts approximately onethird of the total genetic risk.
1 HLA-B27 is almost a prerequisite for the development of AS but appears to require other genetic influences to be fully penetrant. There has been significant progress recently in identifying AS-associated genes by GWAS. 3, 16 For example, in the WTCCC nsSNP study, two SNPs, one each in SNAPC4 and CARD9 on chromosome 9, showed nominal association with AS. It is interesting to note that this region of chromosome 9 (9q32-q34.23) is paralogous with chromosome 6p21.3, the MHC region. 17 We have generated strong evidence that CARD9, a strong functional candidate, is associated with AS. The strong association observed with an SNP in SNAPC4 is more likely the result of strong LD; a role for this gene in an autoimmune/inflammatory disease is certainly more Figure 1 Forest plots of the meta-analysis of CARD9 and SNAPC4 SNPs. WTCCC is data from the WTCCC GWAS and BU vs 3Dis is the replication study using data from the three other diseases that were genotyped WTCCC as controls. difficult to envisage. We have replicated the initial genetic associations and used a fine mapping strategy to refine these. Because of strong LD across the region, identification of the primary causative variant is difficult. Deep sequencing of the region to identify rare variants may be useful in pinpointing the causative variant(s).
Expression data identified a major locus on chromosome 9 influencing CARD9 expression. This locus was detected with the probe 220162_s_at with maximal significance at marker rs11794847. The heritability of CARD9 expression traits varied between probes. Maximum heritability was observed for probe 228272_at that also showed significant association with expression peaking at rs3812561, an SNP marginally associated with AS. These data suggest that a number of SNPs may have significant cis-acting effect(s) on the expression of CARD9.
Recently in a comprehensive screen of 354 SNPs in 85 innate immune-related genes, an association has been demonstrated between rs10870077 in CARD9 and IBD. 13 This SNP is associated with AS in our study independently of any IBD association. To assess whether this primarily reflects an increased proportion of subjects with IBD in our cases, we excluded all individuals known to have either Crohn's disease or ulcerative colitis and re-analysed the data. A small change in the P-values was noted, but the association remained, indicating that the AS association is robust, not merely due to co-existent clinical IBD in our AS cases. Similarly, it has been demonstrated that Crohn's disease, psoriasis and AS are all independently associated with the IL23R gene. 3, 11, 18, 19 We propose that CARD9 is the second gene to share a genetic association with both AS and IBD. A recent GWAS of patients with psoriasis identified a chromosome 9 association but with an SNP (rs1076160) about 2 Mb centomeric of CARD9.
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A six-marker haplotype near to TNFSF15 has been proposed as the chromosome 9 candidate in a study of spondylarthritis in families and sporadic cases. In this study, only 58% of family cases and 48% of sporadic cases had classic AS, the remainder had undifferentiated spondyloarthritis or psoriatic arthritis. 21 As more is learnt about the genetics of human diseases, more examples of such genetic pleiotropy are being identified, in which genetic variants influence susceptibility to several diseases. These extend to several genes involved in many autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, type 1 diabetes, autoimmune thyroid disease and celiac disease. It is unsurprising that similar genetic overlap can be observed in conditions, such as AS, IBD and psoriasis, where familial recurrence is well recognized.
The shared association between AS and IBD with CARD9 adds strength to our proposal that CARD9 is the prime positional and functional candidate gene for association with AS in this region of chromosome 9. It has a central role in the innate immune system and has a critical role in responses to both intracellular and extracellular bacterial/fungal components through their respective pattern recognition receptors. Of particular interest, CARD9 is a component of the NOD2 signalling pathway. NOD2 is a pattern recognition receptor for intracellular bacteria, and variants in the NOD2 gene are highly associated with Crohn's disease. 22, 23 CARD9 is a highly plausible candidate for susceptibility to AS, particularly as there is some evidence to support the idea that this disease may be triggered by contact with common bacteria. This is supported by the near-global occurrence of AS (reflecting the HLA-B27 distribution) and the observations of an animal model of AS that requires bacterial colonization for arthritis to develop. Thus, transgenic rats overexpressing human HLA-B27 and b2-microglobulin develop inflammatory intestinal, joint, skin and genital lesions. However, if the rats are raised in a germ-free environment, the intestinal and joint disease does not develop, indicating that the gut and joint inflammation are related. 24 Current genetic evidence supports this concept with the sharing of variants in IL23R and now in CARD9 having a role in susceptibility to both IBD and AS. CARD9 is a highly 3 The list of investigators who contributed to the data is available at http://www.wtccc.org.uk.
Genotyping SNP genotyping performed by the WTCCC was done with the Infinium I assay (Illumina, San Diego, CA, USA), which is based on allele-specific primer extension (rs3812550, rs3812552, rs4077515 and rs3812571). 3 Additional genotyping was performed either by iPLEX technology (MassArray, Sequenom, San Diego, CA, USA) (SNPs, rs10870149, rs11145958, rs10781533, rs3812552, rs10870201, rs10121646, rs1135314, rs10870077, rs4078098, rs3812561, rs11145793 and rs11145797), by restriction fragment length polymorphism analysis of PCR products (some samples for rs4077515) with a restriction site engineered using program dCAPS Finder 2.0 25 or typed by KBiosciences (Hoddesdon, Herts, UK) using KASPar technology (rs3829109).
Statistical analysis
SNPs were tested for adherence to Hardy-Weinberg equilibrium. Allele frequencies of cases and controls were compared by contingency tables using the Cochrane-Armitage test of trend. Meta-analysis was performed using the Mantel-Haenszel test for fixed effects OR using the StatsDirect statistical package. Power calculations were made with the program Quanto using a gene-only log additive model, assuming a disease prevalence of 0.004 and significance level of 0.05, 26 and LD calculations (r 2 and D') were performed using the program Haploview v4.1. 27 Additional SNPs were imputed using the Markov Chain Haplotyping software (MACH v1.0) (http://www.sph.umich.edu/csg/abecasis/ mach/index.htm) and phased data from CEPH individuals (Utah residents with ancestry from northern and western Europe) from the HapMap project (http:// www.hapmap.org) as the reference set of haplotypes. 14 We analysed SNPs that could be imputed with relatively high confidence (R 2 40.3) and with an imputed minor allele frequency 45%. A logistic regression case-control analysis of genotyped and imputed SNPs was performed using the statistical package SPSS, with genotypes weighted by imputation probabilities to determine statistical significance of association. Conditional logistic regression analysis was performed using the program PLINK v1.07 (http://pngu.mgh.harvard.edu/purcell/plink/). 28 Comparison with CARD9 cis-SNP expression data A recent study of 400 children (with and without childhood asthma) generated strong evidence that CARD9 expression traits are heritable and under cisacting regulatory control. 15 In that study, individuals were genotyped for 4400 000 SNPs and had transcript levels measured for 420 000 genes. Associations between genotypes and expression levels were tested for and a comprehensive expression database was produced. We have used this to investigate the correlation of AS-associated SNPs with CARD9 expression. Expression data were available from two non-overlapping probes, Affymetrix (Santa Clara, CA, USA) U133 Plus 2.0 probes, 220162_s_at and 228272_at. 
